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ABSTRACT 

Studying the spectral changes during the dips exhibited by almost edge-on, low-mass X-ray binaries (LMXBs) is 
a powerful means of probing the structure of accretion disks. The XMM-Newton, Chandra, or Suzaku discovery of 
absorption lines from Fe xxv and other highly-ionized species in many dippers has revealed a highly-ionized atmosphere 
above the disk. A highly (but less strongly) ionized plasma is also present in the vertical structure causing the dips, 
together with neutral material. We aim to investigate the spectral changes during the dips of XTE J1710— 281, a still 
poorly studied LMXB known to exhibit bursts, dips, and eclipses. We analyze the archived XMM-Newton observation 
of XTE J1710— 281 performed in 2004 that covered one orbital period of the system (3.8 hr). We modeled the spectral 
changes between persistent and dips in the framework of the partial covering model and the ionized absorber approach. 
The persistent spectrum can be fit by a power law with a photon index of 1.94 ± 0.02 affected by absorption from 
cool material with a hydrogen column density of (0.401 ± 0.007) x 10^^ cm~^. The spectral changes from persistent 
to deep-dipping intervals are consistent with the partial covering of the power-law emission. Twenty-six percent of 
the continuum is covered during shallow dipping, and 78% during deep dipping. The column density decreases from 
77^38 X lO^'^ cm~^ during shallow dipping to (14 ± 2) x lO'^^ cm~^ during the deep-dipping interval. We do not detect 
any absorption line from highly ionized species such as Fe xxv. However, the upper-limits we derive on their equivalent 
width (EW) are not constraining. Despite not detecting any narrow spectral signatures of a warm absorber, we show 
that the spectral changes are consistent with an increase in column density and a decrease in ionization state of a 
highly-ionized absorber, associated with an increase in column density of a neutral absorber, in agreement with the 
recent results found in other dippers. In XTE J1710— 281, the column density of the ionized absorber increases from 
4.3lo 5 ^ 10^^ cm~^ during shallow dipping to ILGIq ^ x 10^^ cm~^ during deep dipping, while the ionization parameter 
decreases from 10^'^^ to 10^'^^ erg s~^ cm. The parameters of the ionized absorber are not constrained during persistent 
emission. The neutral absorber only slightly increases from (0.410 ± 0.007) x lO'^^ cm~^ during persistent emission to 
(0.420 ± 0.009) X 10^^ cm"^ during shallow dipping and to (0.45 ± 0.03) x 10^^ cm"^ during deep dipping. The warm 
absorber model better accounts for the ~ 1 keV depression visible in the pn dipping spectra, and naturally explains it as 
a blend of lines and edges unresolved by pn. A deeper observation of XTE J1710— 281 would enable this interpretation 
to be confirmed. 
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1. Introduction 

XTE J1710-281 was discovered in 1998 serendipitously 
by RXTE at a position consistent with the location of 
the unidentified ROSA T source IRXS J171012. 3-280754 
( [Markwardt et al." 1998 ) . Its flux varies bet ween about 2 and 
10 mC rab on timescales of about 30 days (iMarkwardt et al. 
|2001[ ). XTE J1710-281 shows X-ray bursts indicating that 
the compact object is a neutron st ar and that the system 
could lie at a distance of 15-20 kpc ( Markwardt et al.j2001 ) 
or 12-16 kpc ( Galloway et al.|2006 1, its light curve presents 
eclipses lasting 410 s and dipping activity, both recurring 
at the orbital period of 3.28 hr. The dips are believed to 
be due to obscuration in the thickened, azimuthall y struc- 
tered, outer regions of an accretion disk ( (White fc Swank 
19821. The presence of eclipses indicates that the source is 
viewed close to edge-o n, at an inclination angle, i, of 75°- 
80° (Frank et al.||1987[), where i is defined as the angle be- 
tween the line of sight and the rotation axis of the accretion 
disk. The RXTE PCA spectrum is consistent with either 



thermal bremsstrahlung (kT = 14 ± 3 keV) or a power 
law (photon index 1.8 ± 0.1), with interstella r absorption 
Nh <2x 10^2 cm-2 ( [Markwardt et al.||l998| . 

The 1-10 keV spectra of most of the dip sources become 
harder during dipping. However, these changes are incon- 
sistent with a simple increase in photo-electric absorption 
by cool material. These changes have been often modeled 
by the "prog ressive covering" , or "complex continuum" ap- 
proach (e.g.. Church et al.||1997 l, in which the X-ray emis- 
sion is assumed to originate from a point-like blackbody, 
or disk-blackbody component, and from a power-law com- 
ponent accounting for an extended corona. This approach 
models the spectral changes during dipping intervals by the 
partial and progressive covering of the extended component 
by an opaque neutral absorber. The absorption of the point- 
like component is allowed to vary independently from that 
of the extended component. 

The improved sensitivity and spectral resolution of 
Chandra, XMM-Newton and Suzaku is allowing narrow ab- 
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sorption features from highly ionized Fe and other met- 
als to be observed from a growing number of X-ray bi- 
naries. In particular, Fexxv (He- like) or Fexxvi (H-like) 
ls-2p resonant absorption lines near 7 keV were reported 
from several micro-quasars and neutro n star LMXBs (e.g. 



Kubota et al. 2007 Sidoli et al. 



2001) that are almost all 



viewed close to edge-on, many of them being dippers (see 
e.g. Table 5 of Boirin et al. 2004a). This indicates that the 
highly ionized plasma probably originates in an accretion 
disk atmosphere or wind, which could be a common fea- 
ture of accreting binaries but primarily detected in systems 
viewed close to edge-on. During the dips, absorption lines 
are also detected and correspond to electronic transitions 
from less ionized s p ecies than during the persistent inter- 
vals. [Boirin et al. (2005) demonstrated that an increase 
in column density and a decrease in the ionization state 
of a highly-ionized absorber, associated with the increase 
in column density of a local neutral absorber could model 
the changes between persistent and dipping intervals both 
in the X-ray continuum and the narrow absorption fea- 
tures of 4U 1323—62. This result was successfully applied 
to X 1254-690, X 1624-49, MXB 1658-298, 4U 1746-371 



and XB 191 6-053 observed with XMM-Newton piaz Trigo 
eral][2006| . 

Here, we report on a spectral study of the 
archived XMM-Newton observation of the dipping LMXB 
XTE J1710— 281. We report spectral hardening from per- 
sistent to dipping intervals and model it in the framework 
of the partial covering appraoch and of the warm absorber 
approach. 



2. Observation and data reduction 

2.1. Data reduction 



The XMM-Newton Observatory ( [Jansen et "ar]|2001[ ) in 



eludes three 1500 cm^ X-ray telescopes each with an 
European Photon Imaging Camera (EPIC) at the focus. 
Two of the EPIC i maging spectrometers us e MPS CCDs 
([Turner et al. 2001) and one uses pn CCDs ( Striider et al 
2001[). Refle ction Grating Spectrometers (RGS, |den Herder 
et al. 2001) are located behind two of the telescopes while 



the 30-cm optical monit or (OM) instru ment has its own 
optical/UV telescope ( M ason et al.||2001[ ). XTE J1710-281 
was observed by XMM-Newton for 13 ks on 2004 February 
22 between 09:55 and 13:16 UTC. The optical monitor in- 
strument was operated in imaging mode with the U and 
UVWl filters (PSF FWHM of 1.55 and 2.0", respectively). 
The U filter bandpass is between ~300 and 400 nm while 
the UVWl filter covers the ~230-370 nm wavelength range. 
The EPIC-pn and MOS cameras were operated in full frame 
mode. We concentrate here on the analysis of the EPIC- 
pn data since they are not affected by pile-up, contrary 
to MOSl and M0S2 data where the total maximum count 
rate to avoid deteriorated response due to photon pile-up is 
150 , lot less than the total maximum count rate in the 
pn case, 1000 s~^. We also use RGS data. All data products 
were obtained from the XMM-Newton public archive and 
reduced using the Science Analysis System (SAS) version 
8.0. Few intervals of enhanced solar activity were present. 
However, we did not discard any of them since the back- 
ground count rate represents at maximum 3% of the source 
persistent rate. 



We selected only single and double events (patterns 
to 4) from the pn data. We extracted source events from 
a circle of 40" radius centered on the source. Background 
events were obtained from a circle of the same radius on 
the same CCD as the source but centered away. We gener- 
ated response matrix files using the SAS task rmfgen, while 
ancillary response files were generated using the SAS task 
arfgen. We rebinned the EPIC-pn spectra to oversample 
the full- width at half maximum (FWHM) of the energy res- 
olution by a factor 3, and to have a minimum of 25 counts 
per bin to allow the use of the statistic. 

The SAS task rgsproc was used to produce calibrated 
RGS event lists, spectra, and response matrices. RGS order 
2 is not used in the analysis because it shows few source 
events detection. The RGS 1st order spectrum does not 
show evidence for any narrow spectral features therefore it 
was mainly used to check for consistency with the EPIC-pn 
spectra and to better constrain the low-energy part of the 
spectrum. It was rebinned to have a minimum of 25 counts 
per bin. 

2.2. Spectral analysis 

We use EPIC-pn spectra in the energy range 0.2-10 keV. 
We restrict the RGS spectra (RGSl and RGS2, order 1) 
to the energy range of 0.5-2.0 keV because very few source 
events are detected below 0.5 keV. 



Spectral analysis was performed using XSPEC ( Arnaud 



1996) version 12.0. The updated photo-electric cross sec- 
tions and the revised solar abundances of Wilms et al.l 
(2000) ("abund wilm" command within XSPEC) are used 
throughout to account for absorption by neutral gas. 
Spectral uncertainties are given using Ax^ of 2.71, corre- 
sponding to 90% confidence for one interesting parameter, 
and to 95% confidence for upper limits. All EWs are quoted 
with positive values for absorption features. 

3. Results 

3.1. Source position 

The seco nd XMM-Newton ser endipitous source catalog 
(2XMM) ( [Watson et ar||2008| ) gives XTE J1710-281 a 
position of R.A = 17hl(n2332", Decl. = -28°07'50.95" 
(equinox 2000.0) with a 1 sigma uncertainty of 1" in both 
R.A. and Decl. There is no source consistent with this X- 
ray position in the infra-red 2MASS catalog, neither in the 
optical image derived from the XMM-Newton optical mon- 
itor, nor in the USNO catalog which is the deepest optical 
catalog that we cross -correlated with the 2XMM using the 
software XCAT-DB ( [Pineau et al][2008[ ). 



3.2. Lightcurve and hardness ratio 

The EPIC-pn 0.2-10 keV source and background light 
curves are shown in the lower panel of Fig. [T]with a binning 
of 60 s. The observation covers almost one orbital period 
(3.28 hr) of the system. One eclipse lasting for 410 s is vis- 
ible, as well as some dipping activity at the biginning and 
the end of the observation. The interval where the count 
rate remains approximately constant is referred to as the 
persistent emission. 

We define the hardness ratio as the counts in the 2.0-10 
keV energy range (the "hard" energy band) , divided by the 
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Fig. 1. The lower panel shows the 0.2-10 keV EPIC-pn light curve of XTE J1710-281. An echpse and the dipping 
activity are clearly visible. The 0.2-10 keV background light curve is also displayed. The upper panel shows the hardness 
ratio (counts in the 2.0-10 keV band divided by those between 0.2-2.0 keV). The dips are associated with hardening. 
The binning is 60 s in each panel. 



counts in the 0.2-2.0 keV energy range (the "soft" energy 
band). The hardness ratio evolution as a function of time is 
shown in the upper panel of Fig. [T] An increase in hardness 
during dipping is observed. This indicates that the number 
of counts in the soft band has decreased more than that in 
the hard band. This suggests that absorption is the main 
ingredient of the dipping activity. The deepest troughs of 
the dips are clearly associated with the strongest hardening, 
and hence the strongest absorption. 



Based on the entire lightcurve, we extracted the spec- 
trum of the deep-dipping state from time intervals where 
the count rate is less than 5 counts s~^. We extracted the 
shallow-dipping spectrum from time intervals with count 
rates between 5 and 10 counts s^^. Finally, we extracted 
the spectrum of the persistent state from time intervals 
with count rates greater than 10 counts s~^. Of course, the 
eclipse interval is when the count rate approached that of 
the background for a total of 410 s. 



3.3. Persistent spectrum 

We fit simultaneously the pn persistent spectrum, the RGSl 
first order spectrum and the RGS2 first order spectrum. 
We include a multiplicative constant factor, fixed to 1 
for the EPIC-pn spectrum but allowed to vary for each 
RGS spectrum, to take account for cross calibration un- 
certainties. An absorbed blackbody model or an absorbed 
disk-blackbody did not give acceptable fits to the persis- 
tent spectrum (reduced of: 14 for 430 degrees of free- 
dom (d.o.f.) and 5 for 430 d.o.f. respectively). An absorbed 
power law {tbabs*pow within XSPEC) was able to fit the 
spectra well with a reduced of 1.17 for 430 d.o.f. (Fig.[2|. 
A model consisting in two emission components, a power 
law and a blackbody, modified by a neutral absorber gave 
a reduced of 1.16 for 428 d.o.f. An F-test indicates that 
the probability for such an improvement (compared to the 
fit with an absorbed power law) to occur by chance is 0.16. 
Therefore, the blackbody component is not significant and 
was not kept in the model. The best fit photon index is 
1.94 ± 0.02 while the neutral hydrogen column density is 
(0.401 ± 0.007) X 10^2 cm-'^. We refer hereafter to this ab- 
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Fig. 2. The upper panel shows the EPIC pn spectrum 
(top), the RGSl and RGS2 first order spectra (bottom) 
of XTE J1710-281 during persistent intervals. The sohd 
line is the best-fit absorbed power-law model. The lower 
panel shows the spectral residuals from the best-fit model 
in terms of sigmas. 



sorption as foreground absorption, it includes contributions 
from the interstellar medium and/or absorption intrinsic 
to the system itself. The normalization of the power law is 
(1.21 ± 0.02) X 10-2 photons keV cm'^ s'^ and 
the constant factors are 1.11 ± 0.05 and 1.10 ± 0.04 for the 
RGSl and RGS2 data respectively. 

In the 0.2-10 keV energy range, we derive an ab- 



sorbed flux of 4.69 X 10~^^ erg cm"^ s~^, an unabsorbed 
flux of 7.79 X 10~^^ erg cm"^ s""'^, and a luminosity of 
Lx — 2.4 X 10'^® erg s~^ assuming a source distance 
of 16 kpc. 

We do not detect absorption lines due to highly ionized 
elements (Fexxv or Fexxvi near 7 keV) in the persistent 
emission spectrum. 

3.4. Persistent, shallow and deep-dipping spectra 

We consider the dipping activity as due to the passage of 
a thickened part of the disk in front of the underlying X- 
ray source, at each orbital rotation of the system. Since 
the count rate and the hardness ratio of XTE J1710— 281 
are constant during the persistent interval (see Fig. [ij, we 
may assume that the underlying X-ray emission does not 
change signiflcantly during the whole observation, and that 
the spectral changes observed during the dipping interval 
are indeed arising from the passage of some absorbing ma- 
terial in the line-of-sight. The rapid variability of the spec- 
tral changes during the dipping interval indicates that this 
effect dominates over a potentially coincident smooth and 
slow spectral transition of the underlying X-ray source it- 
self. 

Therefore, to explain the spectral changes during dip- 
ping, we fit the persistent, shallow and deep-dipping spectra 
simultaneously, and we link the parameters of the power- 
law component. For the persistent interval, we use pn and 
RGS (order 1) spectra but plot only pn for clarity. For the 
dipping intervals, we use only the pn spectra because too 
few counts are detected by RGS. In a first step, we allowed 



the foreground column density to be different for the three 
spectra, but did not obtain any acceptable fit (reduced 
of 4.4 for 769 d.o.f.). Conse quently, we tested a partial cov- 
ering approa ch (Sect. 3.4.1 1 and a warm absorber approach 
(Sect. [3A2t . 

We do not detect any absorption line from highly ionized 
species such as Fexxv in XTE J1710— 281, neither in the 
persistent spectrum nor in the dipping spectra. By includ- 
ing a Gaussian profile with a width fixed to at 6.65 keV, 
the theoretical energy of the Fexxv ls-2p transition, we 
derived upper-limits of 114, 50, and 73 eV on the EW 
of this line in the persistent, shallow-dipping, and deep- 
dipping spectra, respectively. Since lines from Fe xxv or 
other species were detected wit h an EW down to 25 eV in 
other binaries {e.g. Boirin et al.|2005| ), the upper-limits de- 
rived for XTE J1710— 281 are not constraining. The non de- 
tection of absorption lines in XTE J1710— 281 could be ex- 
plained by a lack of statistics in the current XMM-Newton 
observation. 



3.4.1. Progressive covering model 

In this approach, we allow the continuum emission to be 
partially covered by some neutral material during dipping. 
Since the continuum emission of XTE J1710— 281 may be 
simply represented by a power law, we define the model of 
the absorbed spectrum as 



F{E) = e-^(^)<°"[/p„^(/e-^(^)^-" + (1 - /))] (1) 

where Ipow is the energy dependent flux of the power- 
law component, is the column density of the absorber 

affecting the power law, and A^^°"^ is the column density 
of the foreground absorber. The photo-electric absorption 
cross section, cr(E), does not include Thompson scattering. 
The covering fraction, /, can vary from to 1 and is unit- 
less. 

The foreground column density, N^"^*^, was linked for 
the three emission intervals assuming that the X-ray source 
is subject to the same foreground absorption. We fixed the 
covering fraction, /, and Nf^^ to zero during the persis- 
tent emission, since this emission interval is not supposed 
to undergo any absorption from the bulge. These two pa- 
rameters are allowed to vary for the shallow-dipping and 
the deep-dipping emission. 

The spectra and best fit model are shown in Fig. [3l 
Table 1 gives the best fit parameter values. The reduced 
of the best fit is 1.55 for 767 d.o.f. The foreground column 
density is 0.38 x 10^^ cm"^, the photon index is 1.91 and 
the normalization of the power law is 1.17 x 10"^ pho- 
tons keV~^ cm~2 s^^. These values are consistent with 
those found for the persistent emission alone (Sect. 3.3). 
The covering fraction increases from 26% during the 
shallow-dipping, to 78% during the deep-dipping interval, 
which represents a change at a level of more than 10 a. 
This would indicate that the emission region is angularly 
more extended than the absorbing region, and that a larger 
fraction of it is covered during deep dipping. However, we 
find that Nf^^ decreases from 77^33 cm^^ during the shal- 
low dip to 14 ± 2 cm~2 during the deep dip interval, which 
represents a change at a level of 2.7 a. This would mean 
that the absorbing layer is thiner or less dense during deep 
dipping than during shallow dipping. 
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Fig. 3. The upper panel shows, from top to bottom, the EPIC pn persistent, sh allow- dipping and deep-dipping spectra 
of XTE J1710— 281, fit simultaneously with the partial covering model (see Sect. 3.4.1 1. The three other panels show the 
residuals of each spectrum from the model, in terms of sigmas. 

Table 1. Best fit spectral parameters for the persistent, the shallow-dipping, and the deep-dipping spectra fit simulta- 
neously with the partial covering model. 



Parameter 



Per. emission 



Shallow dip 



Deep dip 



Photon index 

Norm, (photons keV~^ cm~^ 



iV^"™ (10^2 cm- 



0.385 ±0.007 
1.91 ±0.02 
0.0117 ±0.0002 
0.0 Fixed 77t^^ 14 ± 2 

Significance 2.7 cr 

0.0 Fixed 0.26 ± 0.01 0.776 ± 0.009 

Significance > 10 cr 

Reduced = 1-55 for 767 d.o.f. 



Note: The foreground hydrogen column density, Nj^°^'', the photon index and the normalization of the power law are linked between 
persistent, shallow and deep-dipping emission. The covering fraction / and the hydrogen column density, Nf^^ , are allowed 
to vary to explain the spectral changes in the spectra. Uncertainties are given at a 90% confidence level. We also indicate the 
significance of the change of Nf^^ and / between shallow and deep-dipping spectra. 



3.4.2. Ionized absorber model 



As an alternative, we tested the hypothesis that the spectral 
changes during dipping could be due to changes in the prop- 
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Fig. 4. The upper panel shows, from top to bottom, the EPIC pn persistent, sh allow- dipping and deep-dipping spectra 
of XTE J1710— 281, fit simultaneously with the warm absorber model (see Sect. 3.4.21. The three other panels show the 
residuals of each spectrum from the model, in terms of sigmas. 

Table 2. Best fit spectral parameters for the persistent, the shallow-dipping, and the deep-dipping spectra fit simulta- 
neously with the ionized absorber model. 



Parameter 






Per. emission 


Shallow dip 




Deep dip 








0.410 ±0.007 


0.420 ±0.009 




0.45 ±0.03 






jnificance 




1.4 cr 


1.7 a 




Photon index 








1.98 ±0.01 






Norm, (photons keV~ 


1 cm-2 s-i) 




0.0124 ±0.0002 






logiO (erg s"^ cm) 




jnificance 


5.0 Frozen 


9 r9+0.05 


5 a 


2.29 ±0.02 


nIj (10^^ cm-2) 




jnificance 


0.32 Frozen 




>10 a 


rr.D_Q 5 



Reduced x = 1-42 for 765 d.o.f. 



Note: The photon index and the normalization of the power law are linlced between persistent, shallow and deep dipping. Njj"^" 
is the foreground neutral hydrogen column density. ^ is the ionization parameter. is the warm absorber hydrogen column 
density. These parameters are allowed to vary to explain the spectral changes from persistent to deep dipping. Uncertainties 
are given at a 90% confidence level. We also indicate the significance of the change of N^^"^ between the three spectra as well 
as the significance of the change of log{^) and between shallow and deep-dipping spectra. 
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Fig. 5. The warm absorber model t hat fit the persistent (top), shallow-dipping (middle) and deep-dipping (bottom) 
spectra of XTE J1710— 281 (see Sect. 3.4.2). More absorption lines and edges are present during deep dipping, when the 
ionization level is lower. 



erties of both a neutral and an ionized absorber. We used 



the photo-ionization code CLOUDY version 07.02 (Ferland 



et al.||1998 1 to simulate ionized clouds standing in the line 
of sight toward the X-ray emission. Cloudy requires specify- 
ing the hydrogen density ( 10^ cm^'^), an abundance table 
(Anders & Grevesse 19891, the hydrogen column density 
(the hydrogen density integrated along the line of sight), 
an ioniz ing continuum, and the ionization parameter de- 
fined by Tarter et al. ( 1969 ) as 



L 



Hh X r 



ion _l 

^ erg s cm 



(2) 



where hh is the hydrogen density at the illuminated face 
of the ionized cloud and r is the source cloud separation. 
Lion is the luminosity between 1 Ryd and 1000 Ryd. 

As ionizing continuum, we assumed a power law with an 
X-ray slope consistent with what we determined from the 
persistent emission. We calculate a grid of warm absorbers 
each having a distinct column density/ionization parameter 
combination. For a fixed hydrogen density, the ionization 
parameter is basically a measure of the overall strength 
of the ionizing continuum and consequently, it affects the 
presence/absence of the different ionic species. On the other 
hand, the hydrogen column density controls the amount 
of the ionic species present. Together these two quantities 



control the amount of absorption, at every energy, suffered 
by the incident continuum upon exiting the warm absorber. 
The transmitted continuum bears the spectral signatures, 
such as absorption edges and lines, of the ions present in the 
warm absorber. XSPEC interpolates over the transmitted 
continua from the warm absorber grid to find the best fit 
to a spectrum. 

To test the hypothesis that the spectral changes during 
dipping could be due to changes in the properties of both 
a neutral and an ionized absorber, we kept the parame- 
ters of the power law linked between persistent, shallow- 
dipping and deep-dipping spectra, but left the parameters 
of the foreground absorber and of the ionized absorber free. 
However, since the persistent spectrum is consistent with a 
power law and does not show any absorption features due 
to highly ionized elements (see Sect. 3.3), the properties of 
the warm absorber, if present during persistent emission, 
cannot be constrained from this observation. Consequently, 
for the persistent spectrum, we fixed the warm absorber pa- 
rameters to values such that the plasma is transparent at 
all energies, as if it were absent. In practise, we fixed the 
ionized column density to 10^^'^ cm~^ and the ionization 
parameter to 10^" erg cm, which indeed corresponds to 
a thin nearly fully ionized and hence transparent medium. 



8 



G. Younes et al.: XMM-Newton observation of XTE J1710-281 



Fig. |4] shows the spectra and best fit model and Fig. 
[5] shows the unfolded spectra. Table 2 gives the values of 
the fit parameters. The values of the photon index and the 
normalization of the power-law component were 1.98 and 
1.2 X 10~^ photons keV~^ cm~^ s~^ respectively. They 
are consistent with the values obtained when fitting the 
persistent spectra alone. The foreground neutral absorption 
increased slightly from (0.410 ± 0.007) x lO'^^ cm~^ during 
persistent interval to (0.420 ± 0.009) x 10^^ cm^^ during 
shallow dipping and to (0.45 ±0.03) x 10^^ during deep dip- 
ping, which represents, between each two consecutive inter- 
vals, a change at a level of 1.4 ct and 1.7 cr respectively. The 
ionization parameter decreases from 10^'^^ erg cm dur- 
ing the shallow-dipping interval to 10^'^^ erg s~^ cm during 
the deep-dipping emission, which represents a change at a 
level of 5 cr. The column density of the ionized absorber 
increases from 4. Sato's x 10^^ cm~^ during the shallow dip- 
ping to 11.6to;6 ^ l*-*^^ cm~^ during the deep-dipping inter- 
val, which represents a change at a level of more than 10 a. 
These results indicate that the spectral changes during dip- 
ping in XTE J1710— 281 are consistent with an increase 
in column density and a decrease in ionization state of a 
highly ionized absorber, associated with a slight increase in 
column density of a local neutral absorber. 

3.5. Model comparison near^l keV 



Although the partial coveri ng mo del (Sect. [3AT | and the 
warm absorber model (Sect. 3.4.21 can both ht the spectra 
of XTE J1710— 281, we note that the warm absorber model 
gives a better fit, especially near ^1 keV. Fig. [6] shows a 
zoom at 1 keV of the XTE J1710-281 spectra fitted with 
the ionized absorber (right panel) and the partial covering 
model (left panel). 
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Fig. 6. A zoom at the 1 keV region of the persistent, 
shallow-dipping and deep-dipping spectra fitted with ei- 
ther, the partial covering model (left panel) or the ionized 
absorber approach (right panel). The warm absorber model 
fits better the 1 keV region of the dipping spectra. 

The modulation of the shallow and deep-dipping spec- 
tra, near 1 keV and 0.9 keV, respectively, is clearly bet- 
ter accounted for by the warm absorber model. Restricting 



the energy range to 0.7-1.2 keV, the reduced chi squared 
would be 0.99 (50 d.o.f) for the warm absorber and 1.84 (52 
d.o.f.) for the partial covering model. This strongly favors 
the warm absorber interpretation. Indeed a "depression" 
such as seen in the dipping spectra near 1 keV is most eas- 
ily explained by invoking absorption than by a combination 
of emission components. Now, absorption by cool material 
does not predict strong edges near 1 keV that would be 
consistent with the rest of the spectral shape. On the con- 
trary, absorption by a warm absorber naturally includes 
many hues and edges from ionized species (see Fig.[5|. The 
convolution of these narrow features with an instrument 
response with moderate energy resolution naturally trans- 
lates into a depression such as observed in the pn dipping 
spectra of XTE J1710-281. 

4. Discussion 

We presented a detailed X-ray light curve covering one or- 
bital period for the LMXB XTE J1710-281. It shows irreg- 
ular dipping activity and a total eclipse, implying that the 
system is viewed with a high inclination angle. We fitted 
the persistent spectrum with an absorbed power law with 
a photon index of 1.94±0.02 while the foreground hydrogen 
column density was (0.401 ± 0.007) x 10^^ cm"^. We did 
not detect absorption lines from highly ionized species such 
as Fexxv resonant line at 6.65 keV seen in other dippers, 
but the upper limits we derived on their EW are not con- 
straining. The overall 0.2-10 keV spectrum becomes harder 
during the dips, but this change is inconsistent with a sim- 
ple increase in absorption by cool material. We modeled the 
spectral changes between persistent and dipping intervals 
in two ways. 

In a first place, we modeled the spectral changes during 
dipping by the partial covering of the power-law emission. 
The covering fraction increased from shallow-dipping to the 
deep-dipping interval. However, the neutral column density 
of the covering component decreased from shallow dipping 
to deep dipping. The increase of the covering fraction is 
consistent with the results obtained for other dippe rs stud- 
ied with the partial covering model in the past (e.g. Church 
| fc Balucinska-Church||1995 1. However, the decrease in col- 
umn density is inconsistent with what is commonly found 
in LMXBs, where the colu mn density also increases as we 
go de eper in the dips {e.g. Church et al.|1998 Smale et al. 



2002) 



In a second place, we modeled the spectral changes dur- 
ing dipping by the variation in the properties of an ionized 
absorber and of a neutral absorber. The foreground column 
density increases slightly from (0.410 ± 0.007) x 10^ 
during the persistent emission to (0.45 ±0.03) x 10^ 
during deep dipping. The ionization parameter decreases 
from 10^'^^ erg s~^ cm during the shallow-dipping interval 
to 10^'^^ erg s~^ cm during deep dipping. On the contrary, 
the column density of the ionized absorber increases from 



cm-2 to 11.6t°;4 x 10^^ 



cm . The prop- 



erties of the ionized and neutral absorbers that we derived 
for XTE J1710— 281, and their change during dipping, are 
similar to those found in the other dip pers observed with 
XMM-Newton ( [Boirin et alT] |2005 Di'a z Trigo et al.||2006[ ), 
especially to those of MXB 1658— 298. In this source, the 
ionization parameter decreases to reach 10^ '*^ erg s~^ cm 
during the deepest dips while the ionized absorber column 
density increases to 53 x 10^^ cm~^. We note that the 
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change in the foreground column density, N^^"^'^, between 
persistent and the deepest dips in XTE J1710— 281 is very 
small compared to MXB 1658—298. This could partially be 
due to the fact that we split the dips into two dipping levels 
while the dips in MXB 1658—298 were split into five levels. 



cnai 



Additionally, Diaz Trigo et al. 



the spectral changes in the 0.2 



( 2006 ) were able to explain 
■10 keV continuum with the 



change in the properties of a warm absorber and a neutral 
one from 4U 1746-371 and EXO 0748-676, the two other 
sources that do not show any spectral signatures due to 
highly ionized species near 7 keV. 

Although the partial covering model and the warm ab- 
sorber model can both fit the spectra of XTE J1710— 281, 
the depression in the dipping spectra near 1 keV is clearly 
better accounted for by the warm absorber model. It is nat- 
urally explained by the many lines and edges produced by 
the ionized absorber (and not by the neutral one), but not 
resolved by the EPIC-pn instrument. 

Similar depressions near 1 keV were detected in 
the pn spectra of several other dippers (XB 1916—053, 
EXO 0748-676, X 1254-6 90 and MXB 1658-29 8) and in- 
terpreted in the same way ( Diaz Trigo et al.|2 006). However, 
the signal to noise ratio of the RGS spectra acquired simul- 
taneously for these sources was often too low, especially 
during dipping, to enable to confirm the interpretation by 
resolving the individual lines or edges that would consti- 
tute the de pression seen in pn spect ra. Among the dippers 
studied by |Diaz Trigo eTal] ( [2006| , only M XB 1658-298 
had s hown clear absorption lines in the RGS ( Sidoli et al. 
20011, but this was during persistent emission, while 



too 



few counts were detected by RGS during dipping. We note 
however, that, before the use of warm absorber models. 



Boirin et al 
spectra of X'BTgTe 



( 2004b I modeled a feature appearing in the pn 
053 with an edge at an energy decreas- 
ing from 0.98 ± 0.02 keV to 0.87l^;^^ keV from persistent 
to deep dipping, and interpreted it as resulting from edges 
of moderately ionized Ne and/or Fe, with the average ion- 
ization state decreasing. The RGS spectra could also be 
accounted for by including an edge at an energy lower dur- 
ing dipping than during persistent intervals, consistently 
with pn results. 

The absorption feature near 1 keV in the dipping spec- 
tra of XTE J1710-281, together with the fact that warm 
absorbers were unumbigously identified thanks to the de- 
tection of some of their narrow spectral signatures in many 
dipping sources whose spectral changes used to be modeled 
by partial covering, strongly favor the warm absorber ap- 
proach. This interpretation would be easily confirmed by 
a longer XMM observation of XTE J1710-281 that would 
enable the dectection of, e.g., the Fexxv absorption line at 
6.65 keV down to an EW of about 15 eV. 
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